In critically ill patients, fluid resuscitation remains a daily concern.[@CR1] Fluid challenge is one of the most frequent interventions in the intensive care unit (ICU),[@CR2] but only 50% of patients are fluid responders.[@CR3] Measuring the cardiac output (CO) is recommended to evaluate the response to fluid in the most severe patients, especially in case of shock.[@CR4] While less invasive devices are generally desirable, many of them have failed to show interchangeability with the gold standard (i.e., pulmonary thermodilution).[@CR5] Interchangeability is usually evaluated based on the ability to produce similar values for single parameters, such as stroke volume (SV) or CO.[@CR6] Nevertheless, most CO monitoring devices also produce additional parameters that may be relevant and informative---some are directly measured and others are calculated.[@CR7] Whether combining several hemodynamic derived parameters can enhance fluid responsiveness prediction is still an unanswered question.

The pressure recording analytical method (PRAM) is a pulse contour-based CO monitor based on invasive arterial pressure monitoring.[@CR8] This device allows for continuous beat-to-beat CO measurement and is minimally invasive because it only requires connection to the transducer of an arterial line. Studies evaluating the ability of the PRAM monitor to track changes in CO during a fluid challenge in ICU patients produced conflicting results.[@CR9]-[@CR11] Our group recently performed a two-centre study evaluating the performance of the PRAM monitor in critically ill patients and showed insufficient performance to detect changes in CO when compared with esophageal Doppler monitoring (EDM).[@CR12] Other direct and indirect baseline hemodynamic parameters are, however, provided by the PRAM monitor. Their usefulness, specifically in predicting fluid responsiveness, has not been adequately studied.

The aim of this post hoc study was to investigate the performance of a multiparametric predictive score based on a combination of several baseline parameters generated by the PRAM monitor to predict fluid responsiveness in a mixed cohort of ICU patients.

Methods {#Sec1}
=======

This study is a post hoc analysis of a two-centre prospective observational study. Ethical approval (IRB 00010254-2016-033) was provided by an institutional ethics committee (Comité d'éthique de la Société Française d'Anesthésie-Réanimation, Paris, France, chairman Prof J.-E Bazin) on 14 April 2016. Informed consent was acquired in accordance with French law. This report follows the STARD statement (Standards for Reporting of Diagnostic Accuracy Studies) for diagnostic accuracy studies.[@CR13]

Patients {#Sec2}
--------

The study protocol was described previously.[@CR12] The study was conducted in two French surgical ICUs between April 2016 and December 2017. Both sites had used EDM as their primary CO monitor for more than ten years and were trained to use the PRAM monitor. Inclusion criteria were: i) presence of an invasive arterial line; ii) CO monitoring using EDM; iii) decision by the attending physician to perform a fluid challenge; iv) immediate availability of the PRAM device; and v) availability of an investigator trained on both devices. Exclusion criteria were: younger than 18 yr old, pregnancy, cardiac dysrhythmia,[@CR14] and poor signal quality for one of the two CO monitoring methods.

Measurements and data collection {#Sec3}
--------------------------------

Patient characteristics, diagnosis at admission, haemodynamic status, current vasopressor treatment, mechanical ventilation, Simplified Acute Physiology Score II, sequential organ failure assessment, Charlson comorbidity index, and dead or alive status at day 28 were collected.

The PRAM (MostCareUp; Vytech, Padova, Italy) is a beat-to beat CO monitor connected to an invasive arterial line. The SV is estimated from the area under the curve (AUC) of the systolic portion of the arterial pressure and the dynamic impedance of the cardiovascular system. Impedance is derived from an analysis of the arterial waveform signal sampled at 1,000 Hz.[@CR7] Baseline parameters recorded by the PRAM also include pulse pressure variation (PPV); SV variation; cardiac cycle efficiency (CCE), which describes hemodynamic performance in terms of energy expenditure[@CR15]; cardiovascular system impedance (Zt); arterial elastance (Ea), which measures afterload; and maximum pressure development over time (dP/dt), which describes heart contractility. The quality of the arterial pressure signal was assessed before fluid challenge. Once the PRAM was connected to the arterial line with a Y-connector, zeroing at the phlebostatic level was performed and the detection of the dicrotic notch was checked and corrected if necessary.

The EDM (CardioQ-ODM; Deltex; Deltex, Chichester, Sussex, UK) is a beat-to-beat CO monitor measuring the descending aortic blood flow velocity with a 4 MHz continuous ultrasound esophageal probe assuming a fixed angle of 45° with the aorta. The left ventricular SV is internally computed based on the descending aortic blood flow velocity as well as the patient's age, height, and weight.[@CR16] Before inclusion in the study, the quality of the EDM signal was also assessed by a trained investigator and corrected if necessary (optimal wave pattern and absence of diastolic flow). Patient characteristics entered in the device were checked by the physician and the device was set to average SV measurement over 15 cycles.

Fluid challenge {#Sec4}
---------------

All fluid challenges were performed with a rapidly infused crystalloid solution. The volume of fluid administered (either 250 or 500 mL) was selected by the attending physician. To ensure consistency in timing, a unique simultaneous photograph containing both monitors was taken immediately after the 15 averaging cycles of the EDM, at baseline, one minute after the fluid challenge, and after the signal quality of both devices was checked again. Doses of medications and mechanical ventilation settings were not modified between the two time points. Fluid responsiveness was defined as an increase in the SV as assessed with the EDM of at least 15%.[@CR3]

Statistical analysis {#Sec5}
--------------------

The overall population was randomly separated into a derivation cohort (two thirds of the fluid challenges) and a validation cohort (one third of the fluid challenges). The multiparametric predictive score was then built in three steps using the derivation cohort.

First, all baseline parameters were evaluated for their ability to discriminate fluid responders from non-responders based on the area under the receiver operating characteristics (ROC) curve. All significant parameters with a *P* value \< 0.05 (PPV, Ea, CCE) were then included in a multiparametric score. The score was then derived as follows: 1) an optimal threshold was identified from the ROC curve for each selected parameter (Youden test); 2) for each parameter, the individual value was discretized (0 or 1) based on the threshold defined in step one; 3) the multiparametric predictive score was defined as the sum of all items, thus ranging from 0 to 3.

The performance of the multiparametric predictive score was studied based on the area under the ROC curve. Sensitivity, specificity, positive and negative likelihood ratio, and positive and negative predictive values were measured for each point of the score. Sensitivity analyses were also performed, including only the first fluid challenge for each patient, and only 250 mL fluid challenges.

Continuous variables are presented as median \[interquartile range\]. Categorical variables are reported as count (percentage). Continuous variables were compared using the nonparametric Mann Whitney test. Categorical variables were compared using the Chi square or the Fisher exact test as appropriate. A *P* value \< 0.05 was considered to indicate statistical significance.

Results {#Sec6}
=======

Patients {#Sec7}
--------

Sixty-eight fluid challenges in 49 patients were consecutively included in this study. Patient baseline characteristics are summarized in Table [1](#Tab1){ref-type="table"}. The flow chart of study patients is available in the eFigure (as Electronic Supplementary Material).The vast majority of patients were mechanically ventilated (99%) and septic shock was the most frequent reason for ICU admission (70%). The median dose of norepinephrine was 0.39 \[0.23--0.98\] µg·kg^−1^·min^−1^. Twenty-eight day mortality was 41%. Baseline hemodynamic variables and ventilator settings of each fluid challenge in both cohorts are presented in Table [2](#Tab2){ref-type="table"}.Table 1Baseline patient characteristics*n* = 49Age (yr)65 \[55--77\]Female18 (36)BMI (kg·m^−2^)25 \[22--30\]Admission category Surgical39 (80) Medical10 (20)Admission diagnosis Septic shock34 (70)  Pneumonia21  Peritonitis9  Soft-tissue infection3  Arthritis1 Brain injury6 (12) Hemorrhagic shock3 (6) Cardiac arrest3 (6) Multiple trauma2 (4) Major abdominal surgery1 (2)Charlson comorbidity index4 \[2--6\]Comorbidities History of hypertension27 (55) Diabetes mellitus11 (22) Coronary artery disease5 (10) Chronic heart failure4 (8)SAPS II61 \[49--69\]SOFA score10 \[7--12\]Mortality at day 2820 (41)Number of fluid challenges per patient1 \[1--2\]Number of patients receiving 1 / 2 / 3 / 4 fluid challenges37 / 6 / 5 / 1Values are median \[interquartile range\] and number (percentage). BMI = body mass index; SAPS = simplified acute physiology score; SOFA = sequential organ failure assessmentTable 2Characteristics of fluid challengeDerivation cohort\
*n* = 45Validation cohort\
*n* = 23Time from ICU admission (days)1 \[1--3\]1 \[1--4\]Mechanical ventilation43 (95)21 (91) Tidal volume (mL·kg^−1^)6.4 \[6.2--6.7\]6.6 \[6.0--6.8\] End expiratory pressure (mmHg)5 \[5--6\]5 \[5--6\]Norepinephrine38 (84)20 (87) Dose (µg·kg^−1^·min^−1^)0.54 \[0.25--0.98\]0.32 \[0.22--0.75\]Arterial line location Femoral21 (47)12 (52) Radial24 (53)11 (48)Volume of fluid challenge 250 mL32 (71)18 (78) 500 mL13 (29)5 (22)Baseline hemodynamic values CO~EDM~ (L·min^−1^)3.8 \[2.9--4.8\]4.6 \[3.5--5.5\] CO~PRAM~ (L·min^−1^)3.6 \[3.2--4.0\]4.0 \[3.3--4.5\] SV~EDM~ (mL)39 \[33--52\]47 \[34--65\] SV~PRAM~ (mL)40 \[35--50\]45 \[34--65\] Heart rate (beats·min^−1^)88 \[80--104\]94 \[70--106\] MAP (mmHg)74 \[64--83\]76 \[69--85\] CVP (mmHg)5 \[3--9\]6 \[5--9\]Values are median \[interquartile range\] and number (percentage). CO = cardiac output; EDM = esophageal Doppler monitoring; CVP = central venous pressure; DAP = diastolic arterial pressure; ICU = intensive care unit; MAP = mean arterial pressure; PRAM = pressure recording analytical method; SAP: systolic arterial pressure; SV = stroke volume

Predictive score---derivation cohort {#Sec8}
------------------------------------

In the derivation cohort (*n* = 45), 30 fluid challenges (66.7%) were classified as fluid responsive, meaning that the patient experienced at least a 15% increase in SV following the fluid challenge as assessed by the EDM. Among the parameters generated by the PRAM monitor, three were found to be significantly predictive of the response to fluid with the following thresholds: PPV \> 6% (AUC, 0.741; 95% confidence interval \[CI\], 0.689 to 0.920); Ea \> 1.74 (AUC, 0.740; 95 CI%, 0.593 to 0.856); and CCE \< 0.29 (AUC, 0.704, 95% CI, 0.554 to 0.827). Baseline mean arterial pressure, SV, Zt, dP/dt, and dose of norepinephrine were not significantly associated with fluid responsiveness (*P* = 0.09, *P* = 0.26, *P* = 0.12, *P* = 0.97, and *P* = 0.38, respectively).

The median value of the predictive score was 3 \[2--3\] in fluid responders and 1 \[1--2\] in fluid non-responders respectively (*P* \< 0.001). The ROC curve of the multiparametric predictive score is shown in Fig. [1](#Fig1){ref-type="fig"}. The AUC of the predictive score was 0.807 (95% CI, 0.662 to 0.909; *P* \< 0.001; Hosmer-Lemeshow *P* = 0.44).Fig. 1Receiver operating characteristics curve of the derivation cohort. AUC = area under the curve

Sensitivity was 86.7% (95% CI, 69.3 to 96.2) and specificity 66.7% (95% CI, 38.4 to 88.2) for a score of 2 or greater. The predictive positive value was 72.2% (95% CI, 55.6 to 84.4) for a score of 2 and 80% (95% CI, 51.3 to 93.8) for a score of 3. Positive likelihood ratio was 2.6 (95% CI, 1.3 to 5.4) for a score of 2 and 4.0 (95% CI, 1.1 to 15.2) for a score of 3/3. Negative predictive value and negative likelihood ratio were respectively 100% and 0.0 for a score of 0/3 and 83.3% (95% CI, 65.2 to 93.0) and 0.2 (95% CI, 0.08 to 0.5) for a score of 1/3. Figure [2](#Fig2){ref-type="fig"} displays the percentage of fluid responders at each value of the score.Fig. 2Percentage of fluid responders at each value of the multivariate predictive score in the derivation cohort

Predictive score---validation cohort {#Sec9}
------------------------------------

In the validation cohort (*n* = 23), nine observations (39.1%) were classified as responsive to fluid. The median predictive score was 3 \[1.75--3\] in fluid responders and 1.5 \[0--2\] in fluid non-responders, respectively (*P* = 0.03). The ROC curve is presented in Fig. [3](#Fig3){ref-type="fig"}, the AUC was 0.762 (95% CI, 0.540 to 0.913; *P* \< 0.008).Fig. 3Receiver operating characteristics curve of the validation cohort. AUC = area under the curve

Sensitivity analysis {#Sec10}
--------------------

In the sensitivity analysis including only the first fluid challenge (*n* = 49), 32 observations (65.3%) were responsive to fluid. The median predictive score was 2.5 \[2--3\] in fluid responders and 1 \[0--2\] in fluid non-responders respectively (*P* = 0.002). The AUC of the ROC curve was 0.813 (95% CI, 0.675 to 0.910; *P* \< 0.0001). A sensitivity analysis including fluid challenges of 250 mL only was also performed (*n* = 50), 27 observations (54%) were responsive to fluid. The median score was 3 \[2--3\] in fluid responders and 1 \[0--2\] in fluid non-responders, respectively (*P* = 0.001). The AUC of the ROC curve was 0.804 (95% CI, 0.668 to 0.903; *P* \< 0.0001).

Discussion {#Sec11}
==========

In this prospective observational study, a multiparametric predictive score composed of three parameters generated by the PRAM monitor was able to predict fluid responsiveness assessed by a rise in SV using EDM in a population of ICU patients with good positive and negative predictive performance.

In our previous study, the PRAM monitor had insufficient performance to track CO changes induced by a fluid challenge compared with EDM.[@CR12] The present study focused on the performance of a combination of parameters generated by the PRAM monitor to predict fluid responsiveness in critically ill patients. The interest of this multiparametric approach relies on the good predictive performance to *rule out* fluid responsiveness for a score inferior or equal to 1, and to *rule in* fluid responsiveness when the score is equal or superior to 2.

Numerous dynamic parameters have been evaluated to assess fluid responsiveness, mostly based on heart-lung interactions.[@CR17]-[@CR19] Pulse pressure variation, first described in 2000, is widely used in the ICU and the operating room to guide fluid resuscitation.[@CR18],[@CR20] Nevertheless, this parameter is known to suffer some limitations: the tidal volume must be greater than 8 mL·kg^−1^,[@CR21] and cardiac arrhythmias, spontaneous breathing,[@CR22] right ventricular dysfunction,[@CR23] and intra-abdominal hypertension[@CR24] all must be absent. Thus, this parameter is often not applicable in practice, especially in ICU patients. Indeed, a recent study showed that this parameter can be used in no more than 17% of critically ill patients.[@CR25] Echocardiographic indices, such as respiratory variations of the superior and inferior vena cava diameter were also associated with better predictive performance than PPV.[@CR26]

The concept of our multiparametric predictive score was to combine more than one parameter to optimize predictive performance by leveraging the information conveyed by different physiologic variables. One possible advantage is to reduce the risk of a "grey zone", as previously described with the PPV. The "grey zone" corresponds to a range of values for which the test should be considered inconclusive.[@CR27] We also expect this score to be applicable to a broader population of ICU patients. For instance, the patients included in our study were ventilated with a mean tidal volume of less than 8 mL·kg^−1^ of ideal body weight. The PRAM monitor produces original hemodynamic parameters in addition to SV that have been, to our knowledge, poorly described in hemodynamic management. Interestingly, two of the parameters that were included in our prediction score (PPV and CCE) were already shown to be associated with fluid responsiveness.[@CR28] The PPV threshold identified in our study is lower than the one used in previous studies.[@CR18],[@CR20] As previously described by De Baker *et al*.,[@CR21] the value of 6% identified in our cohort can be explained by the use of a lower tidal volume.

Our study has limitations. First, the EDM is not considered a gold standard of CO monitoring. It has, however, very low static and dynamic bias and is less invasive than pulmonary thermodilution.[@CR16] Although aortic diameter variations could lead to underestimating the CO, its variation after a fluid challenge remains acceptable and the risk of fluid responsiveness misclassification is very low.[@CR16] Second, our population is composed of mechanically ventilated patients with severe hemodynamic instability who are in sinus rhythm. The results, therefore, cannot be generalized to all ICU patients. Third, our study was not designed to explore the physiologic significance of the selected variables and further work is needed to confirm and explore the relation between Ea, CCE, and fluid responsiveness. Our results are also not generalizable to other monitoring devices that don't provide similar hemodynamic indices. Finally, our population was limited in size and we included several fluid challenges performed in the same patient. Nevertheless, fluid challenges had to be separated by at least 12 hr, and the sensitivity analysis limited to the first fluid challenge for each patient showed similar results.

In conclusion, a multiparametric predictive score combining three parameters generated by the PRAM monitor is able to predict fluid responsiveness in ICU patients with good positive and negative predictive values. Further validation of this score in a prospective cohort is needed before it can be implemented at the bedside.
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